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sniter using this principle can be con- 
gat any frequency, deperdling only 
vy, availability of an adequate de mag- 
neld, whose amplitude is somewhat 

oor than the ferrimagnetic resonance 

~ Theoretical considerations show that 
ting factor, which is proportional to the 
pe volume divided by the cavity vol- 
_eust be large in order to achieve fimit- 
ner a significant range of power. The 
fatality of large single crystals of yt- 
qv iron garnet now makes it possible to 

- in these large filling factors along with 

wow linewidths. 

Via. Lis a schematic of a 4 kMc model 

his Jimiter which used a polished sphere 

ange crystal YIG, 0.260 inches in di- 

err, Che desired limiting value was 14 

This level can be adjusted to as low 

3 dbm. with the de magnetic field. 
cuced-height (0.400 in) transmission cav- 

with a loaded Q of 200 was operated in 

TYE. mode with the sample placed in 
emaxinum RIF magnetic field close to the 
iv wall of the cavity. At low power SJevels 
sw sample has very little effect on cavity 
wmsmission properties. Above a well-de- 
wd threshold level sample losses increase 
ipidly and Limit the transmission power 
vel. 

Yempcrature changes can have large 
fects on the characteristics of this device 
he limiting power level changes with 4a Af, 

lh, fieand Ha, the anisotropy field.? Tn 
ition, there are low-level insertion loss 
atiations due to thermal cavity detuning 
Teets. These include cavity expansion and 
SP susceptibility variations dependent on 
tM, AM Hae, and HH, A major source of 
‘Kermal changes in limiter performance can 
ec avoided by the use of a spherical sample, 
or which the ferromagnetic resonance fre- 
suency is independent of the saturation 
wignetization and its associated tempera- 
ture variation, [t can also be shown that 
sttentation of the anisotropy field can be 
sed to minimize further -the temperature 
eusitivity. The samples used here were of 
- purity such that AH, had only a slightly 
egative temperature coeficient at room 
‘vinperature. For these sampies orientation 
{ the magnetically hard [100] crystallo- 
awaphic axis along the biasing field gave 
plonum temperature characteristics. 
The limiter performance over the design 


4 


temperature range from 55° to 120°F is ° 


~hown in Fig, 2. The sharp break in char- 
‘teristic at the threshold is important for 
“heient power leveling. It is dependent on 
‘he use of single-crystal narrow-linewidth 
“terial and the surface polish. In this case 
ih, was approximately 0.15 o¢ at 4 kMc, 
‘ike leakage was observed but not in- 
cstipated; however, this limiter should have 
huracteristics similar to the coincidence 
miter? in this respect. 
Because of weight Jimitations in the 
“tcHite application, the cavity was fabri- 
“ed from silver-plated magnesium result- 
“ein a total weight, including magnet, of 
‘fousses, While the limiter waa designed at 
ular frequency with particular re- 
aiTements, it should prove useful in other 
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sry F. Dillon, Jc. “Ferrimagnetic resonance in 
fui iron garnet," Phys. Rev., vol. 105, pp. 759~ 
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Power-Aperture and the Laser* 


The author has heard frequent reference 
to the power-aperture product criterion for 
radar surveillance, but has not yet seen in 
print a reasonably general proof of the rela- 
tion, as simple as it is. The situation is par- 
ticularly important at present with the de- 
velopment of the laser, its very narrow 
beamwidth and the consequent’ possibility 
of a very‘ long range optical radar with a 
small aperture. [t is necessary, therefore, to 
consider the limitations of this device, par- 
ticularly for surveillance purposes. To an- 
ticipate the result: the surveillance of a 
given number of square degrees-of coverage 
per second out lo some range with a given 
input noise, requires at least the same aver- 
age power-aperture product at optical as at 
microwave frequencies. 


LARGE Spot Sizki 


We consider first the usual radar case in 
which the beainwidth is much larger than 
the target (large spot size). Hr=Prr is the 
transmitted energy in an element of solid 
angular resolution AQ during a total coher- 
ent time of integration +; the total coherent 
time + may be broken up and distributed 
over a longer time interval provided the re- 
turns from ati individual target can be proc- 
essed coherently. Pr is the average trans- 
mitted power during time 7 and corresponds 
to the peak pulse power if the power is 
emitted in uniform rectangular pulses. Vor a 
CW fence radar, + would ideally correspond 
to the time of passage of the target through 
the fence. The transmitting antenna gain 
Gr=4r/AQ. 

The basic radar equation, in terms of the 
returned energy, Hz, in time 7, is 


LrGroAr ca) EroA rr 
(4rR2)? — (4r)pPRIAQ 


where 42 receiving antenna aperture area. 

At the output of a matched filter, the 
signal-to-noise energy or power ratio is 
2Ex/N, where N is the input noise power 
per cps of bandwidth (noise spectral density), 
Therefore, if we denote by C the signal-to- 
noise power margin required for some pre- 
assigned probability of detection, 

2Lr 2EroAr 


Gi ee, 


N 4rNRA g 


iR = 


* Received by the IRE, January 22, 1962; revised 
manuscript received, January 29. 1962, The research 
reported here was supported by th> Department of the 
Air Force under Contract No, Al 33(60G)39852. 
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If ~ is the total number af clemencm «. 
angular resolution of the transiittine wi- 
tenna swept out during a surveitance sear 
interval £ and if Be is the total encrey radi 
ated during ¢, then ry = EF ¢, aud 


2hcoAr 2haaA R 
C a ee YD 
4nNRAQ  4rNRIQ 


Ee=Pat, where Pa is the average traus- 
mitted power ina scan interval, so 


2PaloAn R 
r lr — p= Pye 
CNR ne ) Ely 


This is the surveillance equation for juree 
spot size, and shows that the solid anguha 
coverage swept out per second is propor: 
tional to the product of the average trans 
mitted power and the receiving aperture. 

Yhere are, of course, other limititions. 
not expressed in the previous equation, -aeh 
as mechanical limitations on speed of scaled 
angular coverage, and assurance that the 
receiving aperture is in the correct. wage 
position to receive the return echo at the tim 
of arrival. 

In an actual radar there will be losses, 
which can be Jumped in with C. An inpor- 
tant corollary is obvious from the above 
theorem, by virtue of the fact that (2/,) 
(343) >2EP.4;, for 7>1, For a given rate of 
coverage out to a given range for the case of 
separate radars, ot synchronized or coher- 
ent with one another, the smaller the nutaber 
of radars, the smaller the total power- 
aperture requirements; in fact, if line-of-sight 
requirements permit, ove radar is the mast 
efficient. For example, if we took an extreme 
case of 100 radars, then the system would 
require ten times as much total aperture 
area and ten times as much total average 
power as would the single radar installation. 

With a laser radar, in the case of large 
spot size, the same findamental coverage 
considerations apply as for a microwave 
radar. Therefore, unless the assuniptions vi 
the foregoing analysis can be controverlad 
for the laser, since we will need as high power 
and as Jarge aperture for the optical as for 
microwave radar, there is littl advantave 
to the laser for long range surveillance, and 
we will probably continue into the indetinite 
future with radars in the general microwave 
region for this purpose. OF course, i track- 
ing with large spot size, it is true Chat a laser 
radar with a small aperture cau track to the 
same range as a microwave radar with erjual 
power and noise and much larger aperture. 


SMALL Spot Sizt 


it has been pointed out that the Jaser is 
capable of such narrow beamwidth that the 
spot size can be smaller than the tirget. so 
that all the power in the transniutted beam 
is intercepted by the target, resulting im au 
inverse-square optical radar range relation 
as compared to the inverse-lourth for the 
microwave radar, ‘Uhis inverse-square reli. 
tiou may be true for relatively short ranges, 
but at a long range such as LOOG pautea! 
miles, for an optical-wavelength bist saves 
with a t-cr aperture, the spot size die tot. 
dilfraction-limited beamwidth ts abaut agu 
feet across. A large percentage of space ob- 
jects will be considerably less chan Uti. 
Thus, for space applications over appreciatle 
ranges, for the most part, with the sr! 
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apertures presently discussed for laser ra- 
das, the spot sizes will be large, and the 
eouventional inverse-fourth power radar 
epection holds. Laser radar apertures will 
save to be raised to linear dimensions of the 
wrder of meters rather than centimeters to 
derive what advantages there are from 
anall spot size. However, once we get to 
the Jarger dimensions cited, one of the main 
" advantages of the optical radar, small size, 
is lost. However, for shorter ranges, such as 
10 nautical miles, a tremendous power or 
aperture advantage is theoretically available 
over a microwave radar subject to the in- 
verse-faurth power restriction. 

It is important, though, to realize that in 
the whole preceding discussion we have 
viven minimum attention to target cross 
section as a function of wavelength and spot 
size, and the effect of motion and consequent 
fluctuations. The whole subject is too in- 
volved to be treated sketchily as it must ina 
contribution such as the present one. How- 
ever, one simple example will be given, to 
bring out the kind of problem that exists 
with small spot size. 

Suppose that one had a 100-foot per- 
fectly-reflecting smooth sphere. The only 
region of the sphere which would reflect back 
to the source would be a small area sur- 
rounding the radius vector from the source 
to the center of the sphere. Any other region 
of the sphere would be at such an angle to 
the radius vector that it would reflect signal 
away from the source. With large spot size, 
because of beamwidth much greater than 
the turget, as long as the sphere is within 
the beam there will always be a radius vec- 
tor within the beam pc. pendicular to some 
part of the sphere, so that some portion of 
the radiated cnergy is bound to be reflected 
back. However, with small spot size, unless 
the spot is in the regio» of the sphere per- 
pendicular to the radius vector, there will be 
essentially no reflection back to the source; 
the energy will be specularly reflected in 
some other direction. The return signal 
strength is tremendous when the beam is 
exactly centered on the sphere, but gocs 
essentiully to zero when off-center. 

M. D. Rupixn 
The MITRE Corp. 
Bedford, Mass. 


Parametric Amplification and 
Oscillation at Optical Frequencies* 


Recent experimental work! using intense 
aptical fields produced by a maser has indi- 
vated that it is possible to obtain variable 
parameter interaction in a solid. [t follows 
that the processes of amplification and os- 
cillation utilized in microwave devices may 
be extended to the optical frequency range. 
Specifically, we propose that coherent optical 
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cived hy the IRE, February §, 1962. 
Franklin, ef el, “Generation of optical har- 
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energy may be generated at subfrequencies 
if a nonlinear diclectric material is drivea 
by an optical maser “pump,” such as a 
ruby. Here we derive the conditions for os- 
cillation i a simple resonant s, stem based 
on the observed experimental data for sec- 
ond harmonic generation,'~$ 

Consider a resonant structure composed 
of two parallel, highly reflecting surfaces 
bounding a medium of nonlinear dielectric 
material, such as quartz. We shall excite the 
mediuin with a traveling-plane wave of fre- 
quency fp and by parametric excitation pro- 
duce standing waves in the medium at fre- 
quencies f, and f; subject to the condition 
that fp=fetysi. Here it is assumed that the 
thickness of the medium / is such that there 
exist resonant modes at f, and j;. It is also 
assumed that the reflectivity of the walls is 
small at the pump frequency so that the 
pump wave may propagate through the 
structure without appreciable reflection. Un- 
der these conditions, it may be shown‘ that 
the rate of change of amplitude of the signal 
wave E, due to interaction of the “idler” 
wave £; with the pump is given by 


OE, 1 U & 
— = cite (2) as 
at 4el ot 


_ josyal* Ep 


I 
Gtep-ke-kieds (1 
tel f eikky z (b 


where f,, ki, and ky are the respective wave 
vectors (2x/d) for the signal, idler, and 
pump; and it has been assumed that the 
polarization of the nonlinear medium at fre- 
quency f; is 


| P| = veil £:| | Bol (2) 


where ya is a function of the three frequen- 
cies. Taking inte account the Q of the cavity 
at the frequency f, we obtain the equation, 


OF, 
—= aa ki;* 


ot 


(3) 


and a similar equation for the idler wave, 


Ok; an 
— = ai /i.* — E; 4 
a” 20; @) 
where 
Josyeiliy 
ai = Ia 5 
a 4d Q) (5) 


and J£,:(/) is the “coherence” integral of (1). 
Now for oscillation, the rate of growth of the 
signa] and idler waves should be zero or 
greater, and setting (3) and (4) equa! to zero 
yields 


* 
Listes 


~ 2 = 0, © 


Using the Q of a planar cavity with power 
reflectivity R given by 


23. A, Giordmaine, “Mixing of light beams in 
crystals,” Phys. Rev, Lelt,, vol. 8,p. 19; January, 1962, 

3p. D. Maker, ef al., “EF fects of dispersion and 
focusing on the pradhtction of optical harmonics,” 
Phys, Ret, Lett.. vol. 8.0, 2t; January, 1962. 

MR G. Kinestay and ALL. McWhorter, “Per- 
tatbation Pheary far Parametric Amplification,’ pre- 
sented at the PGMTTI National Symposium, San 
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as the condition for oscillation at the 1. 
quencies f, and f;. 

In a similar manner we may calcul, 
the second harmonic electric field for 
traveling wave of frequency fp obtaining 


zz 1 
. Bu . 
Hay = jeop ie yapliy? f el Re kaege yt 
€ 0 


where the polarization at frequency 2/, 
given by 


| Pop| = y| Ep|?%, un 


and the gene-ation takes place over ap. 
length J. We now define the efficiency of ~ 


ond harmonic power generation as 


= | Leap [2/ | Ey |2 = wy” - ye Eph AD Un 


with (1), the “coherence” integral »: 
(10). For a practical experiment, with ¢- 
proper choice of materials, the values of 
and the coherence integral J(/) should |. 
approximately the same for second h. 
monic generations as for parametric miss, 
Thus, the inequality of (9) reduces to 


a> (— RP it 


for the same length, 7, and pump am; 
tude £,. Recent experiments'-? indir. 
that 4 can be of the order of 1076 indicai 
that the reflectivity of the cavity 
should be 99.9 per cent or higher for osc:.- 
tion. This reflectivity should be obtain.’ 
using multiple dielectric layer films; ln. 
pump fields using advanced techn; 
should relax the above requirements. 
We have here considered a special « 
of subfrequency generation using a si 
cavity geometry and a traveling pump ¥- 
There are many other possible conts 
tions for such cavities utilizing a sta 
wave pump, for example, or taking ad: 
tage of the tensor properties of the cr 
to obtain longer interaction lengths, 2" 
described by Giordmaine® and Maker.” 
felt that the possibility of coherent ¢e: 
tion of lower frequencies as shown }» 
calculation offers great promise as +4 
ternative source of long wavelength e- 
at frequencies where direct maser cb 
not feasible. In addition, upon the 
ability of continuous high-power ?! 
sources, amplifiers may also be best 
the above techniques. Experiments 
underway to verify the above pred: © 
R. 1. as 
Lincoln Lalsi 
Mass. Inst. 
Lexington 
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